The 16S rRNA gene (16S rDNA) is currently the most widely used gene for estimating the evolutionary history of prokaryotes. To date, there are more than 30 000 16S rDNA sequences available from the core databases, GenBank, EMBL and DDBJ. This great number may cause a dilemma when composing datasets for phylogenetic analysis, since the choice and number of reference organisms are known to affect the resulting tree topology. A group of sequences appearing monophyletic in one dataset may not be so in another. This can be especially problematic when establishing the relationships of distantly related sequences at the division (phylum) level. In this study, a multiple-outgroup approach to resolving division-level phylogenetic relationships is suggested using 16S rDNA data. The approach is illustrated by two case studies concerning the monophyly of two recently proposed bacterial divisions, OP9 and OP10.
INTRODUCTION
rRNA genes (rDNA) have been used to construct a universal phylogeny for all forms of cellular life : the tree of life (Woese, 1987) . Protein-encoding genes are also widely used for inferring phylogenies. These frequently contradict rRNA phylogenies, because of lateral gene transfer and\or limitations in the phylogenetic analysis (Doolittle, 1999 ; Pennisi, 1998) . The latter may result from lack of available reference data (outgroups), inadequate analysis of the available data or insufficient phylogenetic signal in the data to resolve the relationships of interest (Smith, 1994 ; Woese, 1987) .
Protein-encoding gene datasets are often limited by the lack of available outgroup sequences for the gene of interest ; however, for 16S rDNA, there are today more than 30 000 sequences available from the core databases GenBank (Benson et al., 1999) , EMBL (Stoesser et al., 1999) and DDBJ (Sugawara et al., 1999) , providing an ample supply of outgroup sequences for most comparative analyses. Studies of 16S rRNA Abbreviations : BP, bootstrap proportion ; ED, evolutionary-distance ; GTR, general time-reversible ; LBA, long-branch attraction ; ML, maximumlikelihood ; MP, maximum-parsimony.
genes amplified directly by PCR from environmental samples have contributed significantly to this abundant supply of sequences and indicate that many unrecognized major microbial lineages exist in nature, with greater phylogenetic depth than the plants, animals and fungi combined (Hugenholtz et al., 1998b) .
The lack of, or inappropriate selection of, outgroup sequences for phylogenetic analyses can result in misleading conclusions about the monophyly of the ingroup (comprising the taxa of primary interest) (Adachi & Hasegawa, 1995 ; Smith, 1994 ; Stackebrandt & Ludwig, 1994) . The best approach to avoid this problem is to include a large number of outgroups (Hillis, 1996) and to use an inference method that describes the process of evolution relatively accurately, such as rate-corrected maximumlikelihood (ML) (Yang, 1994) . However, ML methods can only be applied to relatively small datasets (typically 50 taxa) due to current computation limitations, restricting the number of outgroups that can be used in any one analysis.
Here, we suggest an approach to test the hypothesis of monophyly of an ingroup by using multiple sets of outgroup sequences. Two case studies are presented to illustrate the idea. They concern the monophyly of two * Ingroups (sequences of primary interest) are indicated in bold. † X indicates that the sequence is a member of the dataset. ‡ The α-, β-and γ-Proteobacteria only are represented, as monophyly of the whole division is not always supported (δ-and ε-subdivision representatives were not included).
recently proposed candidate bacterial divisions, OP9 and OP10 (Hugenholtz et al., 1998a) , in the light of a number of new OP9-and OP10-like 16S rDNA sequences identified in the databases. The hypothesis is simple to state : if a specific relationship exists between the OP and OP-like sequences, they will form a monophyletic group under all outgroup conditions. The hypothesis is tested by using several phylogenetic inference methods on five sets of outgroup sequences with a constant ingroup. If the hypothesis cannot be refuted, the ingroup will be assumed to be monophyletic. However, if one or more datasets divides the ingroup, the hypothesis of monophyly will be refuted and reanalysed when more sequences are available.
Resolving division-level phylogenetic relationships
METHODS
16S rDNA sequence datasets. The 16S rDNA sequence data for this study are available through the public databases, under the accession numbers listed in Table 1 . Three environmental clone sequences (SBR1039, CH21 and GC55) were determined in this study using methods described previously (Burrell et al., 1998) . Sequences were aligned in the  database (Ludwig & Strunk, 1997) and exported using the Lane mask as a filter (Lane, 1991) . Datasets contained between 20 and 25 sequences comprising an ingroup (the taxa of primary interest) and five sets of division-level outgroup sequences selected from a total of 11 outgroup divisions (Table 1) . Each outgroup division comprised three taxa representing the known phylogenetic breadth of that division to avoid long unbroken branches to outgroups. Of the 40 or so bacterial divisions that have been recognized (Hugenholtz et al., 1998b) , 11 were selected for use as possible outgroups for this study (Table 1) . They included well-characterized divisions with many cultivated representatives, such as the Proteobacteria and the Actinobacteria, and recently described divisions such as the Acidobacteria and the Verrucomicrobia. Divisions with long branch lengths (e.g. Planctomycetes and OP11) or questionable monophyly (e.g. the low-GjC Gram-positives ; Ludwig & Schleifer, 1999) were not used as outgroups. Most 16S rDNA sequences used were almost full length ( 1400 nt), and shorter sequences were selected only occasionally when the lack of full-length sequences necessitated their inclusion.
Phylogenetic analyses. * for UNIX (test version 4.0d64 written by David L. Swofford) was used for ML, maximumparsimony (MP) and evolutionary-distance (ED) analyses. For ED and ML methods, the general time-reversible (GTR) substitution model was used (Lanave et al., 1984 ; Rodrı! guez et al., 1990) . The shape parameter α (used for determining the shape of the gamma distribution ; Yang, 1994) , the rate matrix (R ; * manual) and the proportion of invariable sites (P inv ) were estimated simultaneously using ML, as outlined in Fig. 1 . Starting with the F81 model (Felsenstein, 1981) without a gamma distribution (Yang, 1994) , using the heuristic search function (hsearch), a tree was obtained from ML is used to infer a phylogenetic tree from the data using a specified substitution model. The idea is to optimize the substitution model so that it describes the data accurately with respect to model parameters α (shape parameter), R (rate matrix) and P inv (proportion of invariable sites). A tree is obtained from a given model such as F81 and the parameters are estimated from this tree and inserted into the substitution model. A new tree is then calculated and new values for the parameters are estimated. The procedure goes on until the values of the parameters have converged on single values.
which α, R and P inv were estimated simultaneously by optimizing the likelihood for that tree. These estimates were then used to obtain a new tree using hsearch from which new estimates were obtained. The procedure was repeated until the parameter estimates converged on single values. Several distances were used, but only the results from the ML distance, using the GTR substitution model with P inv excluded and a gamma distribution, are shown. The optimal criterion minimum evolution for ED methods was used with an option to set negative branch lengths to zero. MP analyses were performed using the default settings and hsearch.
The software program fastml (Felsenstein, 1981 ; Olsen et al., 1994) version 3.3 for UNIX was used for additional ML analyses. The transition\transversion ratio (T) value that best described the data was found by optimizing the likelihood function with respect to T, starting from T l 1n0 in steps of 0n1 until an optimum was found (1n0, 1n1, 1n2, etc. In order to assess branch support, bootstrap resampling was performed. For MP and ED methods, 2000 replications were used to obtain reasonable accuracy in the bootstrap proportion (BP) values (Hedges, 1992) . When using ratecorrected ML methods in fastml, the number of replications was restricted to 100 to save computation time. No bootstrap analysis using ML as optimal criterion was performed in *. The confidence interval available for branch lengths in fastml was also used as a measure of support. If branch lengths obtained by ML methods had a confidence interval including only positive numbers, the branch was considered to be supported (at a level of P 0n01).
RESULTS
A bacterial division is defined as a lineage consisting of two or more 16S rRNA sequences that is reproducibly monophyletic and unaffiliated to all other division- * 6 gamma (α l 0n89) 0 94 100 100 † ML, Maximum-likelihood ; MLboot, ML bootstrap using 100 replications ; MPboot, MP bootstrap using 2000 replications ; EDboot, ED bootstrap using 2000 replications. All distances are ML distances. ‡ Number of substitution types ; 1 indicates equal rates ; for 2 types, the transition\transversion ratio (T) is estimated (in parentheses) ; for 6 types, the GTR substitution model was used.
§ Rate correction applied ; rates classifies each alignment position into one of nine rate categories by optimizing the likelihood function at that position ; gamma, gamma distribution calculated using the shape parameter α (estimated value in parentheses) and divided into four rate categories. R Proportion of invariable sites ; non-zero values were estimated in *. ¶ Interior nodes as numbered in Figs 2 (OP10 datasets) and 3 (OP9 datasets). j, Positive branch length according to the Kishino-Hasegawa confidence interval at P 0n01 ; , resolved as an interior node ; , not resolved as an interior node. Numbers are bootstrap proportion (BP) values.
Resolving division-level phylogenetic relationships level relatedness groups that constitute the bacterial domain (Hugenholtz et al., 1998b) . Two groups of 16S rDNA clone sequences apparently affiliated to novel bacterial divisions OP10 and OP9 (Hugenholtz et al., 1998b) have been used as case studies to resolve ambiguous evolutionary relationships at the division level. The aim of the present study was to determine whether these OP-like groups are monophyletic with the OP divisions to the exclusion of all other bacterial divisions. For each of the groups, the hypothesis of monophyly has been tested using at least three different datasets with ingroups (OP and OP-like sequences) kept constant and division-level outgroups selected from full-length sequences in the  database (Ludwig & Strunk, 1997) . Multiple representatives of outgroup divisions were used to avoid long unbroken branch lengths arising from lack of close relatives to the representative. A complete listing of sequences used in the case studies is presented in Table 1 , including the OP and OP-like ingroup sequences. ML was the principal inference method used for the phylogenetic analyses of the datasets and included corrections for rate heterogeneity. Substitution model parameters used in the inference methods were optimized as outlined in Fig. 1 . Statistical support for inferred topologies was estimated using the KishinoHasegawa confidence interval available in fastml (Kishino & Hasegawa, 1989) and bootstrap resampling. Where computationally possible (i.e. ED, MP analyses), 2000 replications were used to reduce the standard deviation (Hedges, 1992) .
OP10 case study
The phylogenetic relationships of OP10 sequences (OPB50 and OPB80) obtained from a hot spring (Hugenholtz et al., 1998a) and three OP10-like sequences (SBR1039, CH21 and GC55) obtained from activated sludges were studied (Table 1) . To determine the effect of outgroup bias on ingroup monophyly, three datasets with varying outgroup composition were created and analysed (Table 1) , shown schematically in Fig. 2 . All analyses of the three datasets support the monophyly of the ingroup, i.e. interior node 1 was consistently resolved (Fig. 2 , Table 2 ). The conclusion is that the sludge sequences (SBR1039, CH21 and GC55) are members of candidate division OP10.
OP9 case study
The relationships of four OP9-like sequences from a benzene-mineralizing consortium (SB-15, SB-45 ; Phelps et al., 1998) and deep-sea sediment (JTB138, JTB243 ; Li et al., 1999) to OP9 sequences were studied (Table 1) . It was necessary to use partial length sequences (TUG14, OPB72) due to the limited representation of the OP9 division at the time of analysis. Initially, three datasets (OP9A, OP9B and OP9C) were constructed using similar combinations of outgroups selected from the same outgroup representatives used in the OP10 case study (Table 1) , shown schematically in Fig. 3 . As for the previous case study, support for node 1 (Fig. 3) would establish the monophyly of the ingroup. All internal nodes are not numbered explicitly, since they are not necessary for establishing ingroup monophyly. Rate-corrected ML analyses (Table 2 ) indicated support for node 1 for two datasets (OP9A and OP9C) but not for the third (OP9B). Bootstrap analyses of ML trees for datasets OP9A and OP9C using 100 replications supported ingroup monophyly, with BP values of 90 % (Table 2) . However, the ingroup was not monophyletic in dataset OP9B using ML analyses (node 1 in Fig. 3 was not resolved as an interior node). Instead, the OP9-like sequences clustered with the division Aquificales. The node connecting the cluster (OP9-like-Aquificales) had a BP of 89 % (data not shown), which is often considered as statistically supported (e.g. Lake & Moore, 1998) . This case study demonstrates how outgroup composition can have critical effects on phylogenetic inference.
Sequences from the outgroup division Aquificales were included only in dataset OP9B and not in datasets OP9A and OP9C. In order to determine whether the division Aquificales was responsible for the break-up of the ingroup, two additional datasets (OP9A2 and OP9C2) were analysed. These additional datasets included the outgroups of OP9A and OP9C, respectively, and the sequences from the division Aquificales (Table 1 ). All analyses of both OP9A2 and OP9C2 supported ingroup monophyly, and the Aquificales-OP9-like sequence cluster did not occur.
The division Aquificales has recently been suggested to branch artefactually deeply in the bacterial domain because of long-branch attraction (LBA) (Philippe &
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Laurent, 1998), and the branch leading to the OP9-like sequences is relatively long ( Fig. 3 ; node 2). Therefore, the association of the OP9-like sequences with the division Aquificales may be an LBA artefact. This obstacle prevents strict conclusions being drawn from the analysis ; however, the OP9-like sequences will be considered unaffiliated to OP9 until proven otherwise, according to the initial hypothesis. Additional sequences dividing the branch length to node 2 (Fig. 3) should help to resolve the issue.
DISCUSSION
There are many different steps that are taken to optimize the accuracy of phylogenetic trees. It is important to be aware of the pitfalls that may harm the estimate and lead to inconsistent tree topologies. Some of these are : (i) using too short sequences, (ii) badly aligned sequences, (iii) high noise level (non-filtered data), (iv) using inappropriate phylogenetic models and (v) badly selected reference organisms. Although we have chiefly addressed points (iv) and (v) in the present study, points (i)-(iii) are not insignificant.
Different attempts have been made to assess the number of nucleotides needed to obtain a sufficient signal from the data (Hillis et al., 1994 ; Lecointre et al., 1994 ; Zharkikh & Li, 1992) . There is no one answer to how many nucleotides to use in a generic dataset. However, for rRNA datasets, a qualitative observation is that 5S rRNA (" 120 nt) is too small to resolve phylogenetic relationships beyond the species\genus level, whereas 16S rRNA (" 1550 nt) is generally thought to be adequate to resolve relationships at least to the division (phylum) level (Amann et al., 1995 ; Ludwig & Schleifer, 1999) . The 16S rRNA secondary structure can be used for alignment purposes when identifying homologous sites (e.g. Gutell, 1996) . The  editor uses the secondary structure of Escherichia coli 16S rRNA to aid in alignment (Ludwig & Strunk, 1997) . Nucleotide positions in the sequence alignment can be homologous but phylogenetically uninformative (e.g. rapidly evolving sites). These sites contribute to noise that may affect the ability to obtain accurate phylogenetic estimates. Noise in data can be removed by using different filters, for example the Lane mask for bacterial 16S rRNA datasets (Lane, 1991) .
When nothing is known about the evolution of sequences, it is not possible to state that one phylogenetic model is better than another. However, the sequence evolution of 16S rDNA is not entirely unknown : for example, sites in sequences are recognized to have evolved at different rates due to functional constraints (Woese, 1987) . Since most inference methods assume equal rates, it is important to correct for site-to-site rate variation. There are different methods available to model rate heterogeneity. The simplest is to use a model that assumes that there is a proportion of sites that are incapable of accepting substitutions (P inv ; Swofford et al., 1996) . In this study, we estimated an optimal P inv for a given dataset by an iterative method (Fig. 1) using *. A more complex way is to divide the dataset into rate categories, using either a continuous (gamma) distribution or by assigning a rate to each site by optimizing the likelihood function at that site (Swofford et al., 1996) . A steep decline in the negative log likelihood value was observed for all datasets as rate-heterogeneity was taken into account when studying the likelihood of a tree with respect to different parameters (e.g. Huelsenbeck & Crandall, 1997) . In conclusion, we suggest that all phylogenetic analyses using 16S rDNA data with ED and ML methods should include some correction for rate-heterogeneity.
Outgroups in phylogenetic analyses are often selected on the basis of a close but distinct relationship to the ingroup in order to avoid the LBA artefact of ingroup sequences to distantly related outgroup sequences (Philippe & Laurent, 1998) . However, the majority of bacterial divisions do not have clearly identifiable sister divisions that could act as outgroups, because the bacterial domain has a star topology (Hugenholtz et al., 1998b ; Swofford et al., 1996) , i.e. an unresolved division-level branching order. One way to bypass this problem is to include all available outgroups or at least a large number of outgroups ( 200 ; Hillis, 1996) in the analysis. This approach is possible using ED or MP inference methods, but is not feasible with ML due to current computation limits on very large datasets. In most studies of microbial phylogeny published to date, only one dataset is analysed, rarely comprising more than 50 sequences regardless of inference method. This study clearly demonstrates that a single set of outgroups in a small dataset may be insufficient to draw conclusions about the monophyly of an ingroup. Therefore, the presented testing of multiple outgroup divisions using relatively small datasets ( 50 sequences) to establish the monophyly of an ingroup division may be a useful approach to avoid incorrect or misleading phylogenetic conclusions.
